Novel polypropylene/clay nanocomposites were prepared by in situ polymerization method with TiCl 4 /MgCl 2 /organoclay/internal donor-AlEt 3 catalyst. The organo clay used is commercial Closite 15A that is an ammonium saltmodified montmorillonite (AMMT). For preparation of the catalyst, MgCl2 was deposited into the swollen AMMT layers and then TiCl4 and internal donor were loaded on the layer surfaces of AMMT. X-ray diffraction (XRD), transmission electron microscopy (TEM) and rheological measurements were used for characterization of the nanocomposites. The Linear and nonlinear melt-state viscoelastic properties of the polymer matrix and its nanocomposite are also investigated. In the presence of the clay lamellae, a pronounced increase in the low frequency moduli is observed. Transient rheological data reveal a stress overshoot for nanocomposite where there is no significant overshoot for polymer matrix. This stress overshoot can be attributed to the deformation and orientation of the special structure of clay platelets in polymer melts. Finally, experimental data are compared with the predictions of a mesoscopic rheological model.
Introduction
Thermoplastic nanocomposites are defined as a combination of a thermoplastic polymer matrix with nanoclay particles. This particle should have at least one dimension whether it is length, width or thickness in the nanometer size range. The addition of fillers, such as glass fiber, talc, and calcium carbonate to the thermoplastic polymer matrix at high loading levels improve properties like stiffness, heat distortion temperature, and dimensional stability. However, these fillers also increase the weight of the thermoplastic, rending them less attractive for automotive and aerospace applications [1, 2] . On the other hand, similar benefits but without the weight penalty could potentially be obtained by using a much smaller amount of socalled nanoclays [3] , owing to the nanoscale dimension of silicate layers, which brings stronger interfacial interactions between the dispersed solids and the polymer matrix [4] . Nanocomposites based on polypropylene have been prepared using a traditional melt mixing process and their properties and microstructures have been published [5] [6] [7] [8] [9] .
These studies revealed that clay intercalation or exfoliation can only be achieved when clay/matrix compatibility and suitable processing conditions are found.
Montmorillonite (Na-MMT) is a layered mica-type clay mineral whose crystal lattice consists of a central octahedral sheet of alumina/magnesium sandwiched between two fused tetrahedral sheets. Montmorillonite has negative charges on the interlayer gallery walls and the galleries are normally occupied by cations such as Na + , Ca 2+ , and Mg
2+
. The silicate layers are often modified to organomontmorillonite (OMMT) by an aliphatic alkylammonium or alkyl phosphonium ion-exchange reaction in order to improve its compatibility with nonpolar polymers and thus facilitate its dispersion [10, 11] . Montmorillonite is used widely for preparation of polymer nanocomposites because it is relatively abundant, contained small platelets with high aspect ratios and could be surface modified relatively easily. There are three methods for the preparation of nanocomposites: solution, melt mixing, and in situ polymerization.
In situ polymerization is an effective method for preparation of polypropylene/clay nanocomposites compared with the melt mixing and solution methods.
In this method, Ti compound is loaded on/in Montmorillonite layers and the polymer chains grow up on/in the layers with polymerization process therefore, the layers will be pushed gradually apart and exfoliated eventually.
In this work, we developed an in situ polymerization method for preparation of PP/clay nanocomposites. We synthesized TiCl 4 /MgCl 2 /organoclay/internal donorAlEt 3 catalyst and then carried out the propylene polymerization with the catalyst.
Modeling
To predict the rheological behavior of polymer layered silicate nanocomposites a mesoscopic rheological model has been developed recently [12] . The model has been formulated within the GENERIC framework which has been proved to be a successful building block in the modeling of polymer/clay nanocomposites [13, 14] . In this section the model is briefly recalled and then its predictions are compared with experimental data in the next section. The details of the physics behind in the formulation are out of the scope of this work. In the formulation of the model the nanocomposite is represented by two internal state variables. States of the macromolecules are chosen to be described by a second order conformation tensor c (a symmetric and positive definite three-by-three tensor) and the states of clay lamellae are characterized by another second order conformation tensor denoted by the symbol a (also a symmetric and positive definite three-by-three tensor). The conformation tensor of clay lamellae is also constrained by the relation tra = A0 where A0 is the surface area of the silicate layers.
Following the so-called GENERIC framework, the time evolution equations for the state variables c and a can be presented in the following forms:
where And v is the overall velocity field,  is the Gordon-Schowalter phenomenological parameter representing the nonaffine advection of the clay platelets.
 and  are the dissipation potential and the free energy of the system under consideration respectively.
The expression for the extra stress tensor  comes out automatically as a part of the governing equations:
The total free energy of the system is specified to be in the following form:
In which kB is the Boltzmann constant, T is the temperature, Q 0 is the largest extension of the dumbbell, H is the elastic modulus of the dumbbell spring, n c is the number density of the polymer macromolecules and n a is the number density of clay lamellae, k and k' are representative of topological plate-plate and polymer-plate interactions respectively. Clay platelets are also assumed to be flexible and Kflex is a measure of the flexibility of clay platelets. Moreover, nc and na are defined as
Where NA is the Avogadro number, Mc is the molecular weight of the polymer, c  is the mass density of the polymer,  is the clay volume fraction and h is its thickness.
For states that are not too far from equilibrium the dissipation potential  is chosen to be the following quadratic function: Finally, the system of the differential equations is numerically solved by using the MATHEMATICA software package [15] .
Results and discussion
The FTIR spectra of clay and its nanocomposites are shown in Figure 1 . The spectrum of the PP/Clay (98/2 wt/wt) nanocomposites exhibits the absorptions attributed to both the polypropylene and the clay. The peak at 2840 -2960 cm -1 represent C-H stretching, those at 1380 and 1460 cm -1 are associated with C-H bending vibrations. The absorption bonds at 998 and 840 cm -1 correspond to methyl rocking modes and are associated with isotactic PP. The bond at 970 cm -1 is due to methyl rocking vibrations of amorphous PP. The peaks at about 1045 cm -1 is Si-O stretching. These FTIR spectra verify that the organoclay has been introduced into the polypropylene during the polymerization. It can be seen that the diffraction peak corresponding to the (001) plane of the nanoclay appeared at 2.9 o (d = 30.44 Ǻ) as illustrated in Figure 2 -a. In contrast, the first peak of the nanoclay disappears for the PP nanocomposite suggesting a nearly exfoliated structure (Figure 2-b) . The decrease in intensity and the broadening of peaks indicate that the stacks of layered silicates become more intercalated or partially exfoliated [16] . Hence, the nanocomposite obtained from polypropylene yields a more disordered structure (better clay dispersion).
(a) (b) Fig. 3 . TEM image of PP nanocomposite with two magnifications (a) 500 nm and (b) 100 nm.
To get a better insight of the clay dispersion, TEM images were taken from the PP nanocomposite as illustrated in Figure 3 . It indicates that the silicate layers are dispersed through the continuous PP matrix phase as shown in Figure 3 -a. It can also be seen that a significant fraction of the silicate layers are exfoliated in the PP matrix, while a slight amount remained in a more clustered state as shown in Figure  3 -b. The existence of the small broad peak in the X-ray diffraction patterns should therefore be associated to these unexfoliated silicates. 
nm 100 nm
It is well known that the rheological studies of nanocomposites can be used to evaluate the dispersion state of clays in the molten state [17] . The rheology of traditional filled polymer system has been extensively studied in the past decades. It has been reported that the linear viscoelastic region of this system is sensitive to the presence of filler and it usually becomes smaller with increasing filler content.
In polymer nanocomposites where the nanometric size of clay lamellae are dispersed in polymer melts this effect becomes even more important. The plot of the normalized storage modulus versus strain for pure PP and its nanocomposite at  = 1 rad/s is shown in Figure 4 . It is observed that the linear viscoelastic range is sensitive to the structure of nanocomposite. The sensitivity of the linear viscoelastic range of nanocomposite can be partially attributed to the strong interaction between polymer and platelets and even interactions among platelets themselves [18, 19] . Having chosen the linear viscoelastic range, frequency sweep test was performed for pure polymer and its nanocomposite. The storage modulus G' and loss modulus G" of nanocomposite along with polymer matrix are plotted in Figure 5 . The results show that likewise traditional filled polymer system both storage and loss moduli increase by the presence of clay platelets. However, for nanocomposite an additional increase in the low frequency moduli is observed which may have not been observed in traditional filled system at such low filler content. Figure 5 also shows that the frequency dependency of G' and G" becomes weaker for nanocomposite when compared with pure polymer. The slope of G' and G" at low frequencies are also reported in the corresponding figure. The slope of G' decreases from 0.62 for pure polypropylene to 0.44 for nanocomposite which may be related to the confinement of polymer chains between structured clay platelets which in turn leads to incomplete relaxation.
Start-up shear stress
 of nanocomposite is compared with that of pure polymer in Figure 6 . The result shows that at such a low shear rate (  = 0.01 1  s ) stress overshoot is observed for PP nanocomposite where no significant overshoot is found for pure polypropylene. Model predictions are also compared with experimental data and shown in the same figure. The results show that there is a rather good agreement between model predictions and experimental data and the model is able to capture the overall feature of the observed transient phenomena. Stress overshoot in PP nanocomposite can be partially attributed to the changes in the orientation of the clay platelets when they are subjected to shear flow. Effect of different shear rates on the stress growth experiment of pure polypropylene and PP nanocomposite can be extracted from Figures 6 and 7 . The results show that for pure polypropylene at low shear rate (  = 0.01 1  s ) shear stress reaches to its steady state value monotonically and no stress overshoot is observed (see Figure 6 ) while at higher shear rate (  = 1 1  s ) a pronounced overshoot is observed at short time (see Figure 7) . As discussed in Figure 6 , even for small shear rate (  = 0.01 1  s ), a stress overshoot is appeared for PP nanocomposite. The magnitude of this overshoot increases with increasing shear rate and the time at which the overshoot appears decreases when the shear rate increases (compare Figure 6 and Figure 7 for PP nanocomposite). In general the model is able to reasonably predict the amplitude of the stress overshoot and the time at which it appears. However, the model is unsuccessful to predict all aspects of the experimental data in start-up flow. More specifically, the width of the stress overshoot is underestimated by the model. It can be partially due to the fact that this model has been originally developed for completely exfoliated nanocomposites which can rarely be achieved experimentally [19, 20] . 
Conclusions
We prepared PP nanocomposites using in situ polymerization method with TiCl 4 /MgCl 2 /organoclay/internal donor-AlEt 3 catalyst. From the obtained results of Xray diffraction studies, we conclude that the nanoclays were found to be nearly exfoliated into the polypropylene matrix. In the nanocomposite prepared with the polypropylene and nanoclay, an almost exfoliation and random distribution of clay in the thermoplastic phase was observed by TEM images. The PP matrix exhibited linear viscoelastic behavior for strains up to about 10 %, however, the linear viscoelastic range decreased in the PP nanocomposite prepared with 2 wt % of nanoclay. The elastic modulus of the PP nanocomposites significantly increased compared with the corresponding matrix. The slope of G' decreases from 0.62 for pure polypropylene to 0.44 for PP nanocomposite. Moreover, stress overshoot has been observed for the initial start-up experiments in PP nanocomposite. Model predictions are also compared with experimental data and there is a rather good agreement between model predictions and experimental data and the model is able to capture the overall feature of the observed transient phenomena.
Experimental

Materials
The clay used was Cloisite 15A from Southern Clay Products, a natural montmorillonite modified with a dimethyl dehydrogenated tallow quaternary ammonium having a cation-exchange capacity (CEC) of 125 meq/100 g and a specific gravity of 1.66, for an average particle (bulk agglomerate) diameter of 8 μm. TiCl 4 , MgCl 2 (Merck) and triethyl aluminum (Aldrich) were used without further purification. Cyclohexyldimethoxymethyl silane and phthalic anhydride were purchased from fluka. 2-Ethylhexanol and paraffin oil were supplied by the Iranian Petrochemical Co, distillated and dried with molecular sieve and stored over sodium wire. Normal hexane was supplied by the Iranian Petrochemical Co. and was distilled over calcium hydride and stored over a bed of 4˚A-type molecular sieves and sodium wire before use. Polymer grade propylene with a purity > 99.99 % were used in the experiments. Hydrogen and nitrogen with high purity > 99.99% were supplied by the Iranian Roham Gas Co. Nitrogen and propylene were further purified by passing through three different beds of molecular sieves, with different pore size before use.
Preparation of the catalyst
MgCl 2 (2g) was added to 2-Ethylhexanol and stirred for 2 h to obtain a homogeneous transparent solution. Organo clay; that dried at 80 ºC for 8 h, was added to the solution. The mixture was stirred at 60 o C for 3 h. The excess alcohol was filtered off. 40 ml paraffin oil was added. Then excess TiCl 4 and phthalic anhydride were added to the suspension and the system was stirred at 110 ˚C for 2 h. After which the suspension was filtered and washed 5 times with hexane and dried.
Polymerization of propylene
Polymerization reactions were carried out in a one liter stainless steel reactor of Buchi (bmd 300), a semi-batch type under isothermal condition, with slurry method in hexane media. At first, about 400 ml hexane was charged into the reactor. To continue the temperature was increased to reaction temperature and the desired amounts of AlEt 3 and external donor were added into the reactor. Subsequently, about 5 min after this injection, the catalyst was injected into the reactor. Then propylene was charged into the reactor continuously. The polymerization was carried out under a constant propylene pressure of 4 atm at 70 ˚C. After the prescribed copolymerization time, the reaction was terminated by opening the vent valve, allowing the unreacted monomers to flush quickly. After flashing, the product was drained into a small volume of acidified methanol, filtered and dried overnight in a vacuum oven at 50 °C.
Characterization
The Ti loading of the catalyst was determined by UV-Vis spectrometer. The structure of the organo clay and catalyst were investigated by FTIR spectrometer (Bomem, MB 100). To evaluate the clay dispersion in the polymermatrix, X-ray diffraction (XRD) analysis were performed at room temperature usinga X-raydiffractomer (Philips model X'Pert) in the lowangle of 2θ (SAXD) in reflection mode. The X-ray beam was a CuKa radiation (λ = 1.540598 Å) obtained from a 50 kV voltage generator and a 40 mA current. The basal spacing of silicates was estimated from the position of the plane peak in the SAXD intensity profile using the Bragg's law, d = λ/(2sinθ max ). Specimens for X-ray diffraction were taken from compression-molded sheets of 2 mm in thickness. The nanostructure of the clay was observed by a transmission electron microscopy (JEM-2100F, JEOL) with an accelerator voltage of 200 kV. A thin section of each specimen was prepared by using a cryogenic ultra-microtome at -100 ºC. The rheological characterization of polypropylene and PP nanocomposite samples were carried out using a stress controlled rheometer (MCR 300). The experiments were performed in 25 mm parallel-plate geometry under a nitrogen atmosphere at a temperature of 180 o C, using a 0.01-80 Hz frequency range. The samples were prepared by compression molding at 180 ˚C.
